Purpose: Prior to 90 Y radioembolization, a pretreatment procedure is performed, in which 99m
INTRODUCTION
Radioembolization is an established treatment for unresectable liver tumors where 90 Y-loaded microspheres are administered in the arterial vasculature of the liver. Before the treatment dosage is administered, a dosage of 99m Tcmacroaggerated albumin ( 99m Tc-MAA) is administered to simulate 90 Y microsphere distribution. 1 We will refer to this procedure as the pretreatment procedure. A single photon emission tomography/computed tomography (SPECT/CT) of the 99m Tc-MAA is acquired to detect potential extrahepatic depositions, and the lung shunt fraction (LSF) is estimated based on planar scintigraphy. However, the accuracy of this LSF estimation is uncertain and may be improved by using SPECT/CT images instead of planar scintigraphy. [1] [2] [3] [4] Other problems regarding the accuracy of the LSF estimation still remain. First, the LSF may be overestimated by the MAA particles because of free circulating pertechnetate. 5 Second, the accuracy and reproducibility of the LSF estimation is thought to be affected by differences in shape and size distribution between MAA particles and microspheres. 6, 7 These problems could be solved by using a particle for the pretreatment procedure that is identical to the particle used for treatment, as is the essence of the 166 Ho microsphere treatment approach. 8 We have investigated the possibility of using 90 Y microspheres for the pretreatment procedure to improve the estimation of the LSF for 90 Y radioembolization. However, since 90 Y is an almost pure beta-emitter, it raises some concerns with regard to the safety of using it for the pretreatment procedure. Low activities are preferred to avoid unintended radiation damage. For 166 Ho radioembolization, a pretreatment procedure using an activity of 250 MBq, which is imaged by planar scintigraphy and SPECT/CT, is currently used in clinical studies and has been shown safe. [8] [9] [10] [11] The total energy absorbed from the decay of 1 MBq of 166 Ho is 15.9 mJ, whereas the total energy absorbed from the decay of 1 MBq of 90 Y is 49.4 mJ. 9, 12 Because the energy deposition of 90 Y is 3.11 times higher than that of 166 Ho, theoretically a lower activity for 90 Y pretreatment procedures should be used to be as safe as the current clinical 166 Ho protocol, for example an activity around 80-100 MBq. This low activity (<100 MBq) imposes some difficulties for imaging. 90 Y imaging with positron emission tomography (PET) is based on the small decay branch of 90 Y generating positrons. Only 32 in a million decays result in positron emission. 13 This small positron decay ratio is sufficient for posttreatment dosimetry when patients receive a high amount of activity (treatment), but it may not be sufficient to accurately estimate the LSF when the activity is strongly reduced (pretreatment procedure).
2 90 Y PET accuracy under low count conditions has been investigated with phantom studies. 7, [14] [15] [16] [17] These studies focused on lesion detectability, recovery coefficients, reconstruction algorithms, and image acquisition parameters. However, to estimate the LSF, one must quantify very low activity concentrations. Activity recovery of a low concentration (37 kBq/mL) of 90 Y has been described by Willowson et al. 14 However, for a pretreatment procedure one needs to be able to measure even lower activity concentrations, especially in the lung area (<10 kBq/mL, based on an activity of 100 MBq, maximum LSF of 20% and a lung volume of 2 L).
Another possibility for 90 Y imaging is SPECT based on Bremsstrahlung photons. Bremsstrahlung photons have a very broad and continuous spectrum which prohibits the use of scatter windows for scatter correction. Scatter correction for Bremsstrahlung SPECT therefore relies on time-consuming Monte Carlo (MC) reconstruction models. Although there is general consensus that 90 Y PET produces superior image quality over Bremsstrahlung SPECT, 18 Bremsstrahlung SPECT is more sensitive than 90 Y PET and might therefore be better suited to estimate low activities.
In this study, an anthropomorphic phantom was used to investigate whether the LSF of a 90 Y pretreatment procedure can be accurately determined by 90 Y PET/CT, Bremsstrahlung SPECT/CT, and/or planar scintigraphy.
MATERIALS AND METHODS

2.A. Phantom
We used an anthropomorphic thorax phantom (Radiology Support Devices, Long Beach, CA), which represents the torso of an average male (Fig. 1) . The phantom was designed to realistically simulate PET and SPECT acquisitions. It includes the bone structures within the torso and fillable compartments representing the liver and lungs.
The liver (1.1 L) was filled with an initial activity of 1347 MBq, as measured by a dose calibrator (VDC-404, Veenstra Instruments), of 90 Y chloride in 0.5 M of HCl to prevent adhesion to the plastic phantom walls. 19 The lungs, filled with styrofoam beads, were filled with a total initial activity of 239 MBq of 90 Y chloride in 0.5 M of HCl. The total volume of the lungs was 2.0 L and their density was 0.40 g/cm 3 . The remainder of the thorax phantom was filled with water. The total initial activity of the phantom, 1586 MBq, was comparable to a clinically used treatment dosage of 90 Y resin microspheres (SIR-Spheres â , Sirtex, Sydney, Australia). 20, 21 The phantom was imaged multiple times during decay, down to a final total activity of 25 MBq, which is well below the estimated safety threshold of about 100 MBq for a 90 Y pretreatment procedure. The LSF was defined as the activity in the lungs divided by the activity in the lungs and the liver. 1 Resin microspheres are contraindicated in patients who have an LSF of more than 20%. It is advocated to reduce the prescribed activity in patients who have an LSF between 10% and 20%. 22 Glass microspheres (TheraSphere â , BTG, London, UK) are contraindicated in patients whose LSF could result in a delivery of more than 610 MBq of 90 Y to the lungs (i.e., approximately 30 Gy for 1 kg lungs). 23 The LSF of our phantom was 15%. This LSF was chosen because it is within the range where LSF-indicated activity reductions are generally advocated; therefore, the LSF needs to be accurately estimated within this range.
2.B. Image acquisition
Twelve PET/CT scans, twelve SPECT/CT scans, and twelve planar scintigraphy images were acquired over a period of six half-lives to include a broad range of 90 Y activities (t 1/2 = 64.1 h, Table I ).
PET/CT images were acquired on a Siemens Biograph mCT time-of-flight (TOF) system. Three bed positions were scanned to fit the entire phantom in the field of view (FOV). Acquisition time was 15 min per bed position (in agreement with our clinical protocol 24 ) (total acquisition time of 45 min) and consecutive bed positions overlapped approximately 43%. A CT scan (120 kVp, 39 mAs) was made for attenuation correction and to support organ delineation.
SPECT/CT and planar images were acquired on a dual head Siemens Symbia T16 system. For the SPECT/CT scans, the lungs and liver of the phantom fit in a single FOV. Data were acquired in a 50-250 keV energy window with the high-energy collimators mounted. 25 Projections were acquired for 30 s per angle, using 120 angles over 360°(total acquisition time of 30 min). These acquisition parameters were identical to our clinical settings. 24 A CT scan (110 kVp, 30 mAs) was made for attenuation correction and to support organ delineation.
Planar scintigraphy images were acquired by means of a whole body scan with a scanning speed of 5 cm/min (total acquisition time of 20 min). The two gamma cameras were positioned opposite each other to acquire anterior and posterior images. Data were acquired in a 50-250 keV energy window with the high-energy collimators mounted.
For both SPECT and planar acquisitions, a single background measurement was performed without the phantom present using the settings described above. For PET, a single long background measurement (total scan time of 24 h) was performed with the phantom without activity in the scanner.
2.C. Image reconstruction
For each imaging modality, data were reconstructed using the clinical protocol of our institution. In addition, a background correction was performed for each modality.
For PET data, the first reconstruction method (PET-clinical) was a clinically used reconstruction algorithm on the scanner console. This is an ordinary Poisson ordered subset expectation maximization (OP-OSEM) reconstruction method, including resolution recovery (TrueX), TOF information, random, attenuation, scatter, dead time, and decay correction. Random correction was based on smoothed delayed coincidences. Attenuation correction was based on a CT scan. Images were reconstructed using four iterations with 21 subsets and a 5 mm full width at half maximum (FWHM) Gaussian postreconstruction filter was applied. The reconstructed voxel size was 4.1 9 4.1 9 3.0 mm 3 . Because 90 Y is not provided on the isotope list of the scanner, 89 Zr was used as an alternative isotope for acquisition and reconstructed images were corrected for the different half-life and positron branching ratio. The second method (PET-BGcorr) included a background correction in which the activity in the volumes of interest (VOIs) of the background image (reconstructed as described above) was subtracted from the activity in the VOIs of the phantom image.
For SPECT data, the first reconstruction method (SPECTclinical) was a clinically used two-dimensional OSEM (2D OSEM) algorithm using eight iterations with five subsets. Attenuation correction was based on a CT scan. No scatter correction or postreconstruction filter was applied. The reconstructed voxel size was 2.4 9 2.4 9 2.4 mm 3 . The second algorithm (SPECT-MC) was an MC-based OSEM algorithm. In this reconstruction method scatter, attenuation, and collimator-detector response were MC simulated. This reconstruction method and its validation are described in detail by Elschot et al. 26 Since MC-based reconstructions take longer to converge, images were reconstructed using 60 iterations and eight subsets. 26 No postreconstruction filter was applied. The reconstructed voxel size was 4.8 9 4.8 9 4.8 mm 3 . The third algorithm (SPECT-MC-BGcorr) was the same as the SPECT-MC algorithm, but in addition included a background correction in this MC reconstruction algorithm by adding the average measured background count to each forward projection.
Planar images were created from the geometric means of the anterior and posterior images and the pixel size was 2.4 9 2.4 mm 2 (planar-clinical). Background correction was performed by subtracting the counts in the regions of interest (ROIs) of the background image from the counts in the ROIs of the phantom image (planar-BGcorr).
2.D. Analysis
The lungs and the liver were manually delineated on one CT scan to create a lung and a liver volume of interest (VOI). This reference CT was rigidly registered to all other CT scans and the VOI of the liver was transformed accordingly to ensure that the same volume was analyzed for each scan. In between scans, during transport, the lungs could slightly move within the phantom which could induce slight differences in position for each scan. Therefore, for each lung, a separate rigid registration from the reference CT to all other CTs was performed. VOIs of the lungs were transformed accordingly. All registrations and transformations were performed using Elastix and visually inspected. 27 To partly compensate for partial volume effects, the VOIs were dilated by the spatial resolution of each system, 6 mm for PET and 14 mm for SPECT. When this dilation resulted in overlapping VOIs, the liver VOI had priority over the lung VOI. This approach was equal to what is used in clinical LSF analysis. VOIs were transferred to the PET and SPECT reconstructions and the LSF was calculated by dividing the activity in the lung VOI by the activity in the lung and liver VOIs. The recovery coefficient was calculated by dividing the observed activity by the true activity. Because SPECT and planar images hold counts instead of Bq/mL like PET, the observed activity for these modalities is based on the known total activity in the phantom as:
where A ROI is the observed activity in either the lung or liver ROI, A tot is the total activity of the phantom at the time of imaging, C lung is the amount of lung counts, C liver is the amount of liver counts and C ROI is the amount of counts in either the lung of the liver ROI. The LSF of the anthropomorphic phantom in this study was 15%. However, the majority of radioembolization patients have an LSF < 10%. 20 These patients should be identified as suitable for treatment without the need of dosage reduction. To examine the accuracy of the LSF estimations for low LSFs, an extra region, apart from the lungs and the liver, was delineated on the reference CT. This region was a large (1.5 L), fully connected VOI located below the liver that fitted inside the FOV of all scans (Fig. 2) . It held cold (no activity present) water and served to simulate lungs with no activity (LSF of 0%). This cold VOI was transformed to the other CT scans according to the liver transformations previously described. The cold VOI had a smaller volume than the lung VOI, which leads to a smaller LSF estimate for equal activity concentrations. To compensate for this volume difference, the activity in the cold VOI was scaled to the lung volume by multiplying the activity in the cold VOI by the fraction of lung VOI volume over cold VOI volume.
For planar images, all previously described 3D VOIs from the corresponding SPECT/CT scans were projected to form 2D ROIs. Since the planar images had no reference to the CT scans, the liver ROI was manually positioned over the hot liver region in the planar image, which was clearly visible on all images. This approach was equal to what is used in clinical LSF analysis. The same transformation was then applied to the lung and cold ROIs, because the phantom was not moved between the SPECT/CT and the planar acquisition. The LSF was calculated as described previously.
In order to get an estimate of the error margins on these LSF measurements, we varied the dilation applied to the lung and liver VOIs by AE5 mm. This represented the variation in delineation caused by different observers.
RESULTS
The number of counts or true coincidences acquired during the different exams is listed in Table II . Figure 3 shows the coronal views of the PET and SPECT reconstructions and the planar images for scans with a total phantom activity of approximately 1550, 88 and 26 MBq. For total activities over~350 MBq, the PET reconstructions had a visually higher spatial resolution than the SPECT reconstructions. For total activities below~350 MBq, the PET reconstructions were more noisy and below~70 MBq the liver was no longer identifiable.
SPECT-clinical reconstructed a hot liver for all scans, but with substantial spillover activity outside the liver. Part of this spillover activity was reconstructed inside the lungs, but there was no visual homogeneous activity reconstructed inside the lungs (the upper parts of the lungs had no reconstructed activity in any of the scans). SPECT-MC and SPECT-MC-BGcorr were visually very similar (SPECT-MC had slightly more noise than SPECT-MC-BGcorr). Both reconstructed uniform activity in both the liver and the lungs for total activities over~500 MBq. For total activities below~500 MBq, the reconstructions were more noisy, but in contrast to PET, the liver was still visible in all reconstructions.
Planar images showed the liver clearly, just like the SPECT-clinical reconstructions, but with substantial (scattered) background and spillover activity. Figure 4 shows the activity recovery of the liver and the lungs for all imaging modalities. For PET, activity recovery was accurate (less than 10% difference) for activities over 45 MBq, but activity was largely overestimated for activities below 35 MBq. This overestimation was slightly reduced by performing a background correction.
SPECT-clinical shows overestimation of activity in the lungs and underestimation of activity in the liver. The SPECT-MC reconstruction method shows large improvement over the SPECT-clinical reconstruction method. Using an MC-based reconstruction method led to accurate activity recovery (less than 10% difference) for activities over 10 MBq. Including a background correction in the MC-based reconstruction method had most effect on the scans with a total activity below 100 MBq. The activity recovery of the SPECT-MC-BGcorr varies between 1.01 and 1.03 for the liver compartment and between 0.84 and 0.97 for the lung compartment. The activity recovery of the SPECT-MC varies between 0.95 and 1.01 for the liver compartment and between 0.96 and 1.26 for the lung compartment.
Planar images largely overestimated the activity in the lungs and underestimated the activity in the liver, for the full range of activities. The background correction made the activity recovery more stable over the range of activities, but did not completely correct for the over-and underestimation in the lungs and liver, respectively. Since 90 Y is a high-energy beta-emitting radioisotope, it raises concerns with regard to the safety of using it for the pretreatment procedure. Low concentrated activity in abdominal organs, such as the stomach, duodenum, and pancreas, may result in a high absorbed dose with dismal consequences. Because of the low incidence of extrahepatic deposition of activity, no dose-effect relationships have been established, but the general consensus is that absorbed doses in abdominal organs are safe up to approximately 50 Gy. 28 Based on the empirically proven safety of a 166 Ho pretreatment procedure using 250 MBq, and the fact that 90 Y has a 3.11 times higher energy deposition compared to 166 Ho, theoretically, a lower activity for the 90 Y pretreatment procedure should be used. 8, 9, 12 That would result in a 90 Y activity of around 80-100 MBq, which is above the threshold for accurate LSF estimation using Bremsstrahlung SPECT/CT when reconstructed with an MC-based reconstruction model. The use of 100 MBq of 90 Y for the pretreatment procedure could result in a maximum lung dose of 5 Gy (worst case scenario of 100% LSF for 1 kg lungs). This is well below the safety threshold of 30 Gy to the lungs.
On the one hand, low activities for pretreatment procedures are preferred for safety reasons. On the other hand, the activity should also be sufficient to observe any extrahepatic depositions. Prince et al. investigated 34 extrahepatic depositions from a group of 160 patients who received a 99m Tc-MAA injection as part of their radioembolization workup. 9 The extrahepatic depositions had a median activity of 1.3% of the administered activity and a median volume of 6.8 mL. For a 90 Y pretreatment procedure using 80 MBq, this would result in an activity concentration of 153 kBq/mL. According to some studies, spheres with low activity concentrations are not visible on PET/CT. 7, 14, 17 However, these studies were performed to investigate lesion detectability and the spheres in these studies had to be distinguishable from background activity. Extrahepatic depositions are generally located in a cold area, so visibility could be better since there is no background activity. To our knowledge, there are no studies describing the limits of lesion detectability in MC-based reconstruction models for Bremsstrahlung SPECT/CT. However, Dewaraja et al. did describe the visibility of extrahepatic depositions in a 90 Y phantom study in which their reconstruction model included MC-based scatter correction. 29 The lowest simulated extrahepatic activity concentration in their study was 108 kBq/mL, and when the MC-based scatter correction was included in the reconstruction model, this extrahepatic deposition was clearly visible. While this result gives confidence in the potential of MC-based Bremstrahlung SPECT/CT for quantification of extrahepatic depositions, the visibility of such depositions with 90 Y imaging needs further investigation.
The number of background counts acquired in the PET, SPECT, and planar acquisition protocols were a small fraction of the total counts for the acquisitions with high activity, but the background counts take up a significant part of the total counts for the acquisitions with low activities (<100 MBq). For these low activities, background correction had a significant impact on LSF estimation.
The SPECT-clinical reconstruction algorithm did not include a background correction. Since SPECT-clinical reconstructions overestimated the LSF for high activities, and a background correction will only impact on low activity scans, this overestimation would probably not be corrected by including a background correction. However, switching to an MC-based reconstruction model, and thereby including scatter correction, does impact the LSF estimation at the full range of activities. Adding an additional background correction to this MC-based reconstruction model again only influences scans with a low activity. Therefore, for Bremsstrahlung SPECT/CT, proper modeling of scatter is more important than including a background correction for accurate LSF estimation. Only for the low activity scans (<100 MBq), a combination of MC-based modeling and background correction is necessary in order to acquire accurate LSF estimations. However, since a background correction seems to underestimate the LSF at low activities (as opposed to a tendency to overestimate the LSF without background correction) one may conservatively choose not to use a background correction.
For the PET acquisitions, the background correction could not be incorporated in the clinical Siemens reconstruction algorithm, like is the case for SPECT-MC-BGcorr, and is therefore performed on an image basis.
90 Y PET suffers from low count rate and high random fraction. In addition, there is the natural background signal originating from the 176 Lu in the LSO crystal. Both this, and the resulting sparse sinograms, are prone to a positive bias in maximum likelihood reconstructions at low activities. 30 The algorithm used in this study was designed to minimize the effects of algorithm bias to the sparse data. Still, Carlier et al. show that increasing random fractions increase algorithm bias. 15 Their study reports small algorithm bias for random fractions ranging from 0.70 to 0.85. Random fractions in our study ranged from 0.91 to 0.99, indicating we can expect considerably more algorithm bias than observed by Carlier et al. By performing a long background measurement (24 h), we attempted to obtain a reliable background estimation. Subtracting the reconstructed background activity from our reconstructed phantom activity did improve the LSF estimation, but still shows large overestimation of LSF for low activities, indicating that our PET reconstructions suffer more from the algorithm bias than from the background activity. Correcting this algorithm bias requires (partly) redesigning the reconstruction algorithm, which was beyond the scope of this research.
The activity recovery of the PET reconstructions showed good agreement with the study by Willowson et al.
14 They reported good activity recovery for an activity concentration of 37 kBq/mL. We found good activity recovery (less than 10% difference) for activities as low as 45 MBq, which translates to an activity concentration of 41 kBq/mL for the liver compartment and 23 kBq/mL for the lung compartment.
Willowson et al. 31 recommend slightly different reconstruction settings for our scanner (recommended: 2 iterations, 21 subsets; this study: 4 iterations, 21 subsets). For these recommended settings, they show an average error in activity concentration at 300 kBq/mL of À2% (range +4% to À9%). We show an error in activity concentration at 260 kBq/mL of À1%. This error is within the range reported by Willowson et al.
Limitations of our study include that, owing to practical reasons, no phantom data with a 0% LSF were acquired. Therefore, a 0% LSF was simulated by delineating an additional, cold VOI. This simulation of a 0% LSF was suboptimal because the cold VOI was a water compartment instead of a lung-like compartment. Furthermore, the cold VOI compartment in this phantom was located close to the liver. This position resulted in more spillover activity from the liver inside the cold VOI than in the top part of the lung VOI, which is located relatively far from the liver. The effect of the position of the cold VOI in relation to the liver can be observed by comparing the LSF estimations of the planar acquisitions for the 15% and 0% LSF simulations. LSF estimations by planar imaging were heavily influenced by the spillover activity from the liver and resulted in higher LSF estimations for the cold VOI (0%) than for the lung VOI (15%). It is expected that a 0% LSF measurement with no activity in the lungs in a clinical setting would result in less overestimation of the LSF as compared with the current method with the cold VOI.
Another limitation of our study is the fact that MC-based SPECT/CT reconstructions take more time (approximately 3 h) than clinical reconstructions and that MC-based reconstruction algorithms are not available for clinical practice. For availability of the MC-based reconstruction algorithm used in this study, please contact the authors.
Our phantom was filled with 90 Y chloride and has uniform activity distribution throughout the liver and the lungs, whereas in a clinical setting, patients treated with 90 Y microspheres might have nonuniform activity distribution within the liver and/or lungs. This could influence image quality and quantification and therefore affect LSF estimation.
Another issue that might be encountered in a clinical setting is motion artifacts. Breathing can cause a mismatch between CT and PET or SPECT, which can result in spillover of liver activity into the lungs. This spillover effect can result in an overestimation of the LSF. Yu et al. 4 show that this can be substantially avoided by excluding the region of the lungs that is within 2 cm of the diaphragm.
This study focused on the LSF estimation part of the 90 Y pretreatment procedure. It should be regarded as a first step toward application of a 90 Y pretreatment procedure. A next step toward implementation could be a multicenter phantom study to verify repeatability, or a clinical patient study including a 90 Y pretreatment procedure in combination with a 99m
Tc-MAA pretreatment procedure for comparison. This
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would require the ordering of a small dosage of 90 Y, but it is not uncommon to order multiple vials (one of which could be used for the pretreatment procedure) summing to an overall desired activity, as was done in same-day radioembolization procedures. 32 
CONCLUSIONS
